binding (Hess et al., 1995) . Polymerase chain reaction RFLP analysis of long fiber genes was used to distinguish strains of different pathogenicity, but its usefulness has been recently questioned (Okuda et al., 2006; Marek et al., 2010) .
At the beginning of 2008 an outbreak of a disease with clinical manifestation mainly in the digestive tract was recorded in a few farms of broiler chickens in central Poland. The purpose of this study was to identify the causative agent and to reproduce the disease under experimental conditions. The obtained FAdV isolate was molecularly characterized. The nucleotide (NT) and amino acid (AA) sequences of L1 loop of hexon gene as well as the long and short fibers were investigated and compared with other FAdV-1 sequences available in GenBank (http://www.ncbi.nlm.nih.gov/genbank/).
MATERIALS AND METHODS

Samples
In February 2008 the Department of Poultry Diseases (Pulawy, Poland) received organ samples from broiler chickens for disease diagnosis. Affected chickens showed uneven growth, depression, and dull feathers. The most severe lesions were located in proventriculus, gizzards, and intestines and were used for virus identification. Trials of bacteria isolation (on blood, brilliant green, and MacConkey agars) as well as microscopic examination of smears of intestines for the presence of parasites gave negative results.
Virus Isolation and Identification
For virus isolation, the above-mentioned samples of digestive tract were homogenized in PBS (10% wt/vol) containing 2,000 U/mL of penicillin and 2 mg/mL of streptomycin, incubated at room temperature for 20 min, clarified by centrifugation at 3,000 × g for 15 min, filtered through a 0.45-µm syringe filter, and used to inoculate chicken embryo fibroblasts cells (CEF) as described previously (Cowen et al., 1978) . The complete cytopathic effect was observed in the second passages. Infectivity of the isolated virus assigned as PL/G060/08 was quantified using microtiter endpoint titration on CEF culture and the results were expressed in units of mean tissue culture infective dose per milliliter (Reed and Muench, 1938) .
Aliquots (200 µL) of supernatant from second passage in infected cells as well as the supernatant of homogenized tissues from field chickens were processed using DNeasy Blood and Tissue Kit and RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's recommended procedure for DNA and RNA extraction, respectively. Reverse transcription (RT) PCR was applied for detection of RNA viruses (avian reovirus, infectious bronchitis virus, infectious bursal disease virus; Liu et al., 1997; Zierenberg et al., 2001; Cavanagh et al., 2002) . A PCR that can detect and differentiate between 12 FAdV serotypes based on L1 loop of hexon gene was also carried out (Meulemans et al., 2001) . The primer pair F3-F4 was used to amplify and sequence the short fiber gene (Okuda et al., 2006) . For amplification and sequencing of the entire long fiber gene, additional specific primers were applied (available on request). Amplified PCR products were purified using QIAquick Spin Kit (Qiagen) and used as the templates for sequencing in a commercial service (Genomed, Warsaw, Poland). Sequencing for each product was done in triplicate.
Histopathological Examination
Various organs and tissues (proventriculus, gizzard, intestines, liver, kidney, pancreas, spleen, lung, and trachea) were collected from field and experimentally infected chickens for histopathologic examination. All were fixed in 10% neutral-buffered formalin, paraffin embedded, sectioned at 4 µm, stained with hematoxylin and eosin, and examined by light microscopy 
Sequence Analysis
Using the Seqman program (version 8.1.2, DNAS-TAR Inc., Madison, WI), the forward and reverse NT sequences were edited, cured, and aligned as a single consensus sequence. The NT sequences were translated to deduced AA sequences, which were also compared to detect any changes at the AA level. Alignments of NT and AA sequences of L1 loop of hexon gene were performed using the MegAlign application of DNASTAR using the Clustal-W method. Sequence data were submitted to GenBank with following accession numbers: GU952110, L1 loop of hexon gene; GU952108, short fiber gene; GU952109, long fiber gene. The GenBank accession numbers of FAdV-1 sequences used for comparison were as follows: CAA59207 (CELO strain, long fiber gene), AA59210 (CELO strain, short fiber gene), FN557183 (OTE strain, long fiber gene), FN557186 (OTE strain, short fiber gene), FN557182 (Polish 08-3909 strain, long fiber gene), FN557185 (Polish 08-5769 strain, short fiber gene), and FN557184 (UK 08-3622 strain, short fiber gene).
Bird Experiments
One-day-old (group 1) and 21-d-old (group 2) specific-pathogen-free (SPF) White Leghorn chickens (Valo Lohmann, Cuxhaven, Germany) were used in the challenge experiment to reproduce clinical signs of disease. The chickens were inoculated with the dose of 10 6.0 mean tissue culture infective dose/bird of PL/G060/08 by ocular and nasal routes. Each experimental group consisted of 10 birds. Additional birds in groups 3 and 4 served as controls. All chickens were observed daily. Three birds were necropsied at 6, 10, and 14 d postinoculation (PI) and different organs were collected and divided into 2 parts for histopathological examination (processed immediately) and virological-RT-PCR tests (stored below −65°C until used). Throughout the experiment, the chickens were kept in isolators under negative pressure (HM 1500, Montair Andersen BV, Kronenberg, the Netherlands). These experiments were approved by the II Local Ethical Committee of the University of Life Sciences in Lublin, Poland (decision no. 41/2006).
RESULTS
Necropsy and Gross Lesions and Histopathological Findings
In dead field chickens delivered to the Department of Poultry Diseases, growth retardation, paleness of muscles, organs, and skin of legs were observed. The crop, esophagus, proventriculus, gizzard, duodenum, and in some cases rectum were filled with dark-brownish contents. However, the most severe lesions were found in the stomach, where the hemorrhagic changes in the proventriculus, especially at the junction with the gizzard, were seen and a detachment of the overlaying keratinoid layer and even its partial decay in the gizzard was found. On the mucosal surface numerous erosions were formed. Furthermore, necropsy revealed atrophy of lymphatic organs (thymus, bursa of Fabricius, and spleen), enlarged liver and kidneys, and sometimes numerous whitish necrotic foci in the liver. The histopathologic examination of tissues of both field and experimental chickens identified the presence of intranuclear inclusion bodies in gizzard epithelial cells, but no such structures were present in the liver (Figure 1 ).
Molecular Methods
The RNA extracted from supernatants of field samples as well as from CEF cultures subjected to RT-PCR produced no amplicons characteristic of infectious bronchitis virus, infectious bursal disease virus, or avian reovirus. On the other hand, the characteristic product of L1 loop of the hexon gene was obtained in the PCR targeting FAdV. The analysis of a 735 NT segment corresponding to 201 to 936 NT in the hexon gene and deduced 245 AA sequence revealed a 99.5% NT homology (731/735 NT) and 99.2% AA homology (243/245) with the CELO strain.
Positive PCR amplification of the entire short fiber gene (1,233 bp) was obtained for the PL/G060/08 strain. The deduced 384 AA sequence from 13 to 396 AA of the short fiber protein was compared with relevant sequences of FAdV-1 strains available in the GenBank (Figure 2 ). The FAdV PL/G060/08 isolated in Poland showed 98.9% (13 NT differences) and 99.7% (2 differences) NT sequence similarity to CELO and OTE strains, respectively. Six out of 13 NT differences between CELO and PL/G060/08 led to the following AA substitutions: N 223 →K, I 314 →T, R 328 →G, F 331 →G, S 334 →A, and A 369 →C (arrow indicates that the first AA was substituted for the second AA). All resulting AA differences were located in the head domain of the short fiber protein and led to the divergence of 1.6% (6/385 AA) between the compared strains. The highest sequence homology (99.9%) was found between the Polish strain and the FAdV 08-3622 strain isolated in the United Kingdom, in which only 1 NT difference was found (silent mutation).
The 2,291-bp fragment of the long fiber gene was translated into 762 AA (40 to 804 AA, CELO long fiber protein numbering) and compared with the respective sequences of other FAdV-1 (Figure 3) . Sequences of FAdV-1 strains inducing gizzard erosion were identical. However, 18 NT differences between CELO and pathogenic strains were noticed (NT similarity of 99.2%) but resulted in only 1 AA substitution (T 275 →A, shaft domain of the long fiber protein). The AA divergence in long fiber protein between PL/G060/08 and reference CELO strains reached 0.1% (1/763 AA). Only 6 NT differences between the OTE and PL/G060/08 strains were noticed, and 4 of them altered AA sequences (S 99 →T, V 316 →D, A 556 →T, A 620 →S). Three of the detected AA differences were located in the shaft domain and 1 was located in the head domain of the long fiber protein. The AA divergence between the PL/G060/08 and OTE strains was 0.5% (4/763 AA).
Results of Experimental Infections
In group 1 of the infected 1-d-old chicks, the first clinical signs of the disease were observed 2 d PI and included depression, ruffled and dulled feathers, and decreased feed and water consumption. Mortality started at d 3 PI and by d 6 PI all animals were found dead. The postmortem examination of dead chickens revealed erosions and detachment of the overlaying keratinoid layer in the gizzard (Figure 4) . No clinical signs or lesions were observed in infected older chickens of group 2.
The DNA of FAdV was detected in the liver, proventriculus, gizzard, intestines, and lungs of dead chickens inoculated at 1 d of age. In group 2 (inoculated at 21 d of age), the virus was present in the intestines and gizzards only at d 10 PI.
DISCUSSION
The virus that was isolated from the digestive tract of sick broiler chickens in the central part of Poland belonged to FAdV-1. Cases of the disease with similar clinical course were reported in the early 1990s in Asia (Goodwin, 1993; Tanimura et al., 1993) . In Poland, the gizzard erosions in defective embryos and newborn chickens were reported in 1993 (Borzemska et al., 1993) . The etiological factor was not fully identified but the presence of intracellular basophilic inclusion bodies in the damaged gizzards and 30% FAdV seroprevalence in breeders strongly suggested that adenovirus was the cause of the disease. A few years later, cases of gizzard erosion in 2-to 3-wk-old meat turkeys were also noted and a serological study indicated FAdV as the causative factor of the disease (Minta and Koncicki, 1996) . Cases of FAdV infections in chickens associated with pathological lesions in the gizzard have been observed recently in Europe and isolated viral strains were analyzed (Marek et al., 2010) . Notwithstanding, most reports about adenoviral gizzard erosions originated from Japan from the beginning of 2000 (Ono et al., , 2003a .
The epidemiological inquiry conducted in the infected Polish farms indicated that the virus was transmitted transovarially. Although there is a lack of direct evidence of the FAdV infection in breeders (no clinical material), the origin of diseased chickens points at one particular breeder flock. The fact that reinforces this hypothesis is that within the same farm no FAdV infections were detected in poultry houses with progeny originating from a breeder flock other than the FAdVsuspected breeder flock. This fact additionally confirms that proper biosecurity measures are effective in preventing horizontal transmission of FAdV-1 causing gizzard erosion (Ono et al., 2007) . The vertical transmission of FAdV was discussed elsewhere (McConnell Adair and Fitzgerald, 2008) .
Although 21-d-old birds were apparently resistant to experimental infection of SPF chickens using the PL/ G060/08 isolate, the course of the disease was fatal for chicks infected at 1 d of age, thus providing evidence that FAdV can be the sole causative agent capable of inducing clinical disease. The results of the challenge experiment seem significantly different from the study in which the experimental intraocular and intranasal infection of SPF chickens using Japanese 99ZH isolate did not induce clinical signs or mortality and the only lesions occurred in the gizzards of infected chickens, irrespective of their age Ono et al., 2004) . What is more, depression and anorexia were observed in a few birds following parenteral inoculation. It might suggest increased pathogenic properties of the FAdV strain isolated in Poland.
The mechanism of FAdV virulence is still not clear (McConnell Adair and Fitzgerald, 2008) . The relationship between genotype and virulence, but not between serotype and virulence, was reported (Erny et al., 1991) . In other studies the role of short and long fibers in infectivity and pathogenicity was indicated (Pallister et al., 1996) . These fibers, of 42.5 and 8.5 nm length in the CELO strain, probably bind to different receptors on the cell surface, permitting virus attachment and internalization (Hess et al., 1995) . Adenoviruses could bind to different molecules as coxsackievirus and adenovirus receptor, integrins, MHC class I particles, proteoglycans, and others undetermined as receptor in the lungs and nervous system (Hong et al., 1997; Nemerow and Stewart, 1999; Zabner et al., 1999; Dechecchi et al., 2000; Tan et al., 2001) . The protein of 200 kDa in the membrane fraction of a cell in a gizzard was identified as the binding target for the FAdV JM 1/1 strain isolated from gizzard erosion in chicken (Taharaguchi et al., 2007) .
Polymerase chain reaction RFLP analysis of long fiber gene was used for differentiation of FAdV strains inducing gizzard erosions in chicken broilers in Japan (Okuda et al., 2006) . However, in the study by Marek et al. (2010) the usefulness of this method for differentiation between pathogenic and apathogenic strains of FAdV was questioned because the restriction patterns were the same regardless of the virulence of tested isolates. Among 18 NT differences between sequences of PL/G060/08 and CELO strain with respect to the long fiber gene, only 1 was nonsilent and it was located in the shaft region of the protein. On the other hand, there were 6 NT changes that resulted in 4 AA substitutions between OTE and pathogenic PL/G060/08 in the long fiber protein. The Japanese pathogenic 99ZH strain and apathogenic OTE strain had 14 NT differ- ences, which resulted in 8 AA changes in the long fiber protein (Okuda et al., 2006) . Regarding the short fiber gene, both apathogenic OTE and pathogenic PL/ G060/08 strains had identical sequences and this result was similar to that obtained in the above-mentioned Japanese studies that also revealed that the NT sequence of the short fiber gene of both pathogenic and apathogenic strains showed a 100% similarity (Okuda et al., 2006) . On the other hand, the CELO sequence of the short fiber gene was different (13 NT changes) and 6 of them were nonsilent and all were located in the head domain, which is believed to bind to receptors permitting the virus internalization (Hess et al., 1995) .
The short fiber seems to be essential for some stage in virus growth assembly or release. Tan et al. (2001) reported that a mutant CELO strain with disrupted short fiber gene could not form the virus particle but a mutant CELO strain devoid of the long fiber gene generated the virus; however, it replicated poorly and had a reduced cell entering ability. The authors concluded that the long fiber gene is not essential but important for the in vivo biology of the CELO strain. Based on nucleic and AA sequence analysis of long and short fiber genes of the virus isolated in Poland, it seems that the short fiber might be the main influence on pathogenicity of FAdV-1 strains contrary to the long fiber, which had been considered a virulence determinant in the Japanese 99ZH strain. Nevertheless, NT mutations are clustered mainly in the short fiber gene of the PL/ G060/08 strain and in the long fiber gene of the 99ZH strain, and both were associated with similar clinical lesions. Considering this, we assume that other regions of the FAdV genome may also be involved in the virus virulence. The interaction of hexon protein and fiber was suspected to be a probable factor influencing the pathogenicity in human adenoviruses causing conjunctivitis and keratoconjunctivitis (Vainio et al., 2001) . Neutralization of the infectivity of adenoviruses is primarily carried out by antibodies against the hexon protein (Adhikary et al., 2004) . This protein constitutes a large proportion of the surface of the virion and 4 regions, loops L1 to L4, contain the type-specific neutralizing epitopes (Adám et al., 1998; Hess, 2000) . Antigenic determinants (epitopes) react with neutralizing antibodies, and manifestation of new or changed epitopes in the hexon could change the antigenic specificity of the virus, enabling it to escape type-specific neutralization (Roy et al., 1998) . In our study only the L1 loop of the hexon gene was investigated indicating the serotype of virus; however, analysis of additional loops could give some insight into their role in the pathogenicity.
In summary, the virus causing the outbreaks of gizzard erosions in broiler chickens in Poland belongs to FAdV-1. Epidemiological inquiry suggests that detected FAdV spread across the country vertically. Experiments on SPF chickens proved that FAdV isolated in Poland can solely induce clinical signs and mortality without coexisting factors, but the pathogenicity of the virus is dependent on the age of infected chickens. Numerous changes in sequences of short and long fiber genes of the PL/G060/08 strain inducing gizzard erosion in chickens were found in comparison with the reference CELO strain. However, the identified differences do not seem to be solely involved in virulence determination. Therefore, further analysis of the FAdV genome is needed to assess its effect on virus pathogenicity.
